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Abstract Photoionization of the CO molecule and inner-valence states of CO" between 22 
and 45 eV have been studied by means of photoelectron spectroscopy using both synchro- 
tron radiation and He ii  radiation. Vibrational structure has been resolved in many bands 
up to 45 eV. CASSCF (complete active space self-consistent field) and MRCI (multireference 
configuration interaction) calculations of potential curves in the 22-30 eV range have been 
perfonned and these have been used to predict vibrational levels and Franck-Condon 
factors. In this energy range three valence states, D 'IT, 3'E' and 3% have been identified, 
and spectroscopic constants have been determined for the first two of these. Above 30 eV, 
all valence slates have been found to be repulsive. In addition to the broad bands expxted 
for these slates, several progressions of narrow lines are observed most probably reflecting 
transitions to Rydberg states. 

1. Introduction 

Inner valence uv photoelectron spectra often exhibit complex bands due to many- 
electron processes in addition to the main bands expected from an independent electron 
picture. A good description of these spectra generally requires consideration of config- 
uration mixing in the fmal state as well as in the initial state (Cederbaum and Domcke 
1977, Martin and Shirley 1976) as has been demonstrated most recently for the photo- 
electron spectrum of Nz by Baltzer ef a1 (1992a). For small molecules, these inner- 
valence photoelectron bands contain vibrational structure and this provides an excellent 
opportunity to obtain experimental information about the potential energy curves. 

The three lowest electronic states of CO' can be described essentially in terms of 
the single-hole states arising as a result of ionization from the 5 0 ,  In and 40 orbitals. 
This assumes witing the ground state electron configuration of CO as 

These outer-valence electronic states are readily studied by He I photoelectron spectros- 
copy; see, for example, Turner et a1 (1970), Wannberg et a1 (1988) and Edvardsson et 
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a1 (1994). At higher energies, above approximately 20 eV, the number of states increases 
quickly due to significant many-electron effects and this leads to a breakdown of the 
independent-particle molecular orbital approximation. The 3u-' hole state is split into 
a manifold of 'Z' stales (Okuda and Jonathan 1974, Schirmer et ul 1977, Bagus and 
Viinikka 1977, Cederbanm et uI1980, Langhoff et a1 1981, Agrgren and Arncberg 1983) 
which may be reached in the photoionization process. State mixinginvolving the outer- 
valence, single-hole. states is also important to explain some of the weaker features 
observed in tbe inner-valence region. 

Potts and Williams (1974), Asbrink et ul (1974), Codling and Potts (1974), Carlsson 
Gothe (1990) and Carlsson Gothe et a1 (1991) have reported experimental inner-valence 
studies previously using He 11 radiation. Synchrotron radiation studies have been made 
by Krummacher et a1 (1980, 1983) and Liu et ul(1993) and ws (x-ray photoelectron 
spectroscopy) measurements with Y MC (132eV) by Banna and Shirley (1976) and 
Nyholm et a1 (1977) and with AI Krr (1487 eV) by Gelius et ul (1973) and Svensson et 
a1 (1991). In the most recent studies using w (Carlsson Gothe) and x-ray (Svensson 
et ul) excitation, assignments of the inner valence bands have been suggested from 
comparisons also with resonance Auger spectra from Eberhardt et ul (1987) and the 
potential curve of the well known 3*Z+ state has been derived. In the present investiga- 
tion, we have used both He II radiation and synchrotron radiation at the photon energies 
36, 40, 44 and 46.4 eV to obtain improved experimental data, facilitating the analysis 
of this complicated spectrum, and we. present a more general discussion of potential 
curves. The He II excited spectra are better resolved and have much better signal-to- 
background ratios than obtained previously. The synchrotron radiation photoelectron 
spectra were recorded at a photoelectron linewidth of about 30 meV and exhibit vibra- 
tional structure even in the range above 30 eV, as was reported also by Liu ef a1 (1993) 
whose experimental linewidth was -100 meV. Many Lines and progressions have been 
accurately determined by comparison to the lines produced by He u s  radiation and 
which appear at much lower energies in the He 11 excited spectrum. 

Potential curves relevant to the present results for states up to about 25 eV have 
recently been published in two studies (Lavendy et a1 1993, Honjou and Yarkony 1985) 
using configuration interaction (a) methods. However, for the interpretation of the 
photoelectron spectrum some details in the potential curves need to be further clarified, 
and potential curves need to be studied at even higher energies than considered in these 
reports. We have therefore caried out new CI calculations of the potential curves. 

The notations of the electronic states in the inner valence region vary substantially 
between different authors. For simplicity therefore we number all states of the same 
symmetry consecutively from lower to higher energy. The same numbering was used 
also in the recent theoretical work by Honjou and Yarkony. This means that the state 
often referred to as C 'Z' is labelled 3%' in the present study. For the outer valence 
states and also the inner valence D *ll state the old notations are consistent and are 
therefore retained. 

2. Experimental details 

The He II excited spectra were recorded on a high resolution photoelectron spectrometer 
that has been described earlier in some detail by Baltzer ef ul (1993). It is equipped 
with a microwave powered electron cyclotron resonance w source that provides a high 
He11 intensity and very narrow resonance radiation (Baltzer and Karlsson 1989). 
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Recent improvements have resulted in a substantial enhancement of the signal-to-back- 
ground ratio for the spectrometer and a value of lo5 has been measured for the AI 3p 
lines. This is particularly important for inner valence studies since the photoelectron 
lines are very weak. 

The spectra were calibrated using the recoil corrected binding energy 24.589 eV for 
He 1s. All spectra are shown exactly as they were obtained from the spectrometer 
without background subtraction. The energies, widths and relative intensities of the 
lines have been determined by a procedure where Gaussian lines have been fitted to 
the experimental data. The centre of the fitted line has been used to represent the 
position of each line. The positions of well defined lines are accurate to better than 
1 meV. 

The Synchrotron Radiation Source at Daresbury laboratory was used to collect 
spectra at wavelengths in addition to those obtainable from the helium discharge, and 
for studies of angular distributions of the photoelectrons. A 5 m normal incidence 
monochromator provided monochromatic radiation, and when the resolution of this 
was combined with the photoelectron spectrometer resolution, line widths -30 meV 
were obtained. The photoelectron spectra were recorded on a spectrometer system that 
has been used extensively for studies of photoionization cross sections and angular 
distributions and has been described in detail by Parr et a1 (1984). In summary, it 
comprises two 100 mm mean radius hemispherical electron spectrometers, one of which 
is bed  to accept electrons ejected along the major polarization component of the 
incoming photon beam and the other is rotatable about the light beam axis. Both 
spectrometers are fitted with area detectors at their exit planes, and an analyser to 
measure the polarization of the incoming light is included in the system. Measurements 
were made both perpendicular and parallel to the E-vector of the incident radiation 
simultaneously, and after relative calibration of the spectrometers the system provides 
both partial cross sections and photoelectron angular distributions, using the expression 
for the differential photoionization cross section. 

Inelastic scattering of photoelectrons gives rise to additional lines'in the spectra. To 
verify that the states invoked in the interpretation are strongly excited by electrons we 
have recorded an electron impact spectrum of CO using an apparatus designed in 
Uppsala (Baltzer 1994). It uses a zero energy detection system similar to that described 
by Schlag et af (1993). 

3. Computational details 

The potential curves used in this work were calculated by means of a two-step procedure. 
In the first step, multiconfiguration self-consistent-field (SCF) calculations were per- 
formed using the complete active space SCF (CASSCF) approach (Siegbahn et a1 1981). 
The nine valence electrons were distributed in all possible ways into the 3a, 4a, 50, 
60 ,  In and 2n orbitals. In other words, both the 2s and 2p orbitals and their electrons 
are active. This gave 616 configuration state functions (CSFS) for electronic states of 
C symmetry and 588 CSFs for states of *lI symmetry. Since many electronic states in 

each symmetry were needed, the molecular wavefunctions were obtained by a state- 
averaged procedure. This means that a single set of CASSCF orbitals was obtained for 
states of 'E' and 'll symmetry, respectively. The calculations were performed in Gv 
symmetry, which means that some caution was needed to separate 'C+ from 'A states 
appearing in the same CB symmetry. The basis sets for carbon and oxygen were the 

2 +  
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[6s4p] Lie and Clementi (1974) contractions of van Duijneveldt (1971) (IOs6p) primitive 
sets. These were augmented with d functions from Lie and Clementi and f functions 
with exponents 0.8 and 1.313 for  carbon and oxygen, respectively. This [6s4p2dlf] 
basis set was considered sufficient for the present purpose. 

In the second step, multireference CI (MRCI) calculations in a contracted scheme 
(Siegbahn 1983) was used based on the CASSCF zero-order reference functions. No 
threshold procedure was adopted and hence all CSFS from the CAS were used as reference 
states. Both the 2s and 2p electrons were correlated, while the two Is-like core orbitals 
were constrained to be doubly occupied. 

4. Results 

4.1. The overall spectrum 

Figure 1 shows the overall He II excited photoelectron spectrum over the 21-29 eV 
region where no overlap with the highly intense He I excited spectrum occurs. Five 
bands can be seen in this region, in agreement with the observations from the spectrum 
obtained with monochromatized He I I a  radiation by Carlsson Gothe (1990). Vibra- 
tional structure is observed in four of these, while the fifth band centred at 27.4 eV is 
structureless. However, as will be shown below, two of these, the bands at 25 eV and 
the main part of the band between 27.6 and 29 eV, do not reflect electronic states in 
these regions but are due to inelastic scattering of photoelectrons and excitations with 
He irp radiation. Nevertheless, in both regions a rather high and essentially constant 
intensity is observed. This is not solely due to the spectrometer background, which is 
responsible for the intensity seen on the far right side of the spectrum, but must in part 
be associated with photoionization processes in CO. Presumably, it reflects transitions 
involving repulsive parts of the potential curves in this energy range. Tbe He Is line is 
observed at 24.589 eV. 

Figure 2 shows the full spectrum obtained with synchrotron radiation at 46.4 eV. 
This spectrum covers, in addition to the region recorded by the He 11 excitation, the 
main part of the 3a-' region and also the first 3 eV of the double ionization continuum 
which starts at 41.7 eV (Correia et a1 1985). Due to a low signal-to-background ratio, 
there is substantial scattering in the data but the main features are well defined and 
agree with earlier spectra of this region recorded at lower resolution using synchrotron 
radiation and ws. Numerous narrow lines can be seen, but only those lines which 
appear in all spectra and have consistent p-values will be discussed. 

4.2. The 22-25 eV range 

In figure I ,  transitions to the D 211 and 3%' cationic states of the He U excited photo- 
electron spectrum can be seen in the 22-25 eV range. The B 'Z' state appears in the 
first part of the figure due to the 320 8, component in the He I radiation. The v=O, 1 
and 2 components of this vibrational progression can be seen clearly at line positions 
that agree with the earlier experiments by Potts and Williams (1974) and Asbrink et a1 
(1974). 

The first lines associated with the D 'Il state, which has the leading configurations 
5 ~ - ~ 2 d  and 40-'5u"2d, appear in the 22.2-22.4 eV range. This is shown in some 
detail in figure 3. Due to the overlap with the lines corresponding to the B state, the 
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Figsre 7.. The inner valence photoelectron spectrum of CO obtained with synchrotron 
radiation at 46.4cV. 
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Figure 3. Detail of the He II excited photoelectron spectrum of CO in the 22.3-23.3 eV 
range showing transitions to the D 'n and 3%' cationic states. A weak line observed at 
22.403 eV is due to inelastic scattering of photoelectrons from the 5u orbital. 



Inner-valence slates of CO+ between 22 eVand 46 eV 4921 

0-0 transition has not been clearly identified in earlier studies. The present results 
strongly favour the line at 22.378 eV, which fits very well into the vibrational progression 
and has a relative intensity close to the calculated Franck-Condon factor. The line at 
22.187 eV fits reasonably well with the vibrational progression. However, comparison 
with the He IIIZ excited spectrum of the B 'E+ state shows that at least the dominant 
part of its intensity should be assigned to the v=2 line of this state, excited by 320 A 
He I radiation. Then, the remaining part of its intensity is much too low in comparison 
with the calculations. The second possible candidate observed at 22.224 eV would give 
an unexpectedly small vibrational spacing, 156 meV compared to 179 meV for the next 

Table 1. Binding energies and relative intensities obtained for Vansitions to the D 'll state 
of CO'. The experimental data were obtained from the He II excited spearurn and for the 
calculated binding energies the reference level was A'n(v=O). 

Line width 
Binding energy Vibrational FWHM 

(CV) spacing (meV) (meV) Relative intensity Vibr. quant. 
no ExDt m C .  &at C d C .  ExDt EnDt mc. 

0 
1 

22.378 22.451 25.9 0.28 0.218 
22.557 22.622 179 171 25.9 0.65 0.597 

2 22.729 22.787 172 165 25.9 0.95 0.880 
3 2.897 22.950 168 163 31.0 1.00 1.000 
4 23.069 23.114 172 164 36.7 0.95 0.914 
5 23.227 23,271 158 157 25.9 0.84 0.712 
6 23.372 23.418 145 147 25.9 0.65 0.515 
7 23.521 23.555 149 137 30.6 0.54 0.357 
8 23.655 23.681 134 126 25.9 0.38 0.237 
9 23.779 23.795 124 114 28.3 0.28 0.152 

10 23.888 93 0.084 

two tines, and its intensity is also much too low compared to the calculations. Table 1 
summarizes the energies, linewidths and relative intensities of this progression obtained 
in the present study. It may be noted that the experimental intensity given in table 1 
for the 0-0 l i e  is slightly too high due to an unresolved overlap with the B?Z+ (U= 
3) line. It is noteworthy also, that the lines of the D 'll state are generally much broader 
than those of other electronic states in the same region. This is expected, considering 
the spin-orbit splitting. A curve fitting using the C state lineshape as a model gives a 
splitting of 12meV which is close to the predicted value -1OmeV from the recent 
calculation by Lavendy et a[ (1993). 

The vibrational energies decrease gradually and from the experimental data the 
following spectroscopic constants can be derived for the D'll state: T,= 
6 7 8 0 5 f 1 5 ~ m - ~ ,  oe=1530f15cm-' and w.re=26.7f9cm-'. 

A substantial broadening is observed of the u = 3  and 4 lines (cf table 1) and the 
vibrational spacings are also somewhat irregular. This could be caused by a crossing 
with the 3% potential curve that is predicted in this energy region, as will be further 
discussed below. 

The 3'E' state (leading configuration 5 ~ - ~ 1 7 ~ ' 2 7 ~ ' )  is much better resolved than in 
the previous study by Carlsson Gothe et al(l991) and the &O transition is readily 
observed at 22.993 eV. The 0-1 vibrational spacing is 203 meV and the following spac- 
ings decrease by about 10 meV per step up to the v=4 level, corresponding to a signifi- 
cant anharmonicity in the potential curve. From these energies, summarized in table 2, 
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Table 2. Binding energies and relative inlenities obtained for transitions to the 3%' state 
of CO'. 'The experimental data were obtained from the He I I  excited spectrum and for the 
calculated binding energies the reference level was X %'(u=O). 

Line width 
Binding energy Vibrational FWHM 

(CV) spacing (meV) (meV) Relative intensity Vibr. quant. 
no Expt Calc, Expt Calc. Expt Expt Calc. 

0 22.993 22.989 19.7 0.24 0.171 
1 23.196 23.190 203 201 18.8 0.59 0.507 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I1 
12 

23.388 
23.570 
23.737 
23.882 
23.998 
24.089 
24.171 
24.253 
24.333 
24.412 
24.489 

23.382 
23.561 
2x122 
23.856 
23.996 
24.064 
24.155 
24.242 
24.330 
24.417 
24.502 

192 192 18.8 0.91 
182 179 18.8 LOO 
167 161 18.8 0.93 

116 140 18.8 0.51 
91 68 18.8 0.38 
82 91 18.8 0.33 
82 81 19.7 0.32 
80 88 20.7 0.29 
79 a7 20.7 0.24 
77 85 20.7 0.20 

145 134 18.8 0.82 

0.838 
1.000 
0.952 
0.767 
0.630 
0.528 
0.458 

0.363 
0.317 
0.254 

0.408 

the following spectroscopic constants have been derived for the region up to u=4: T.= 
72 676 f40 cm-I , CO.= 17203: 30 cm- ' and oex,= 49 & 30 cm-I . 

From u = 5  to u = 8  the vibrational spacings are much reduced, whereafter the spac- 
ings are about 80 meV. This behaviour of the vibrational structure was reported earlier 
by Potts and Williams and Carlsson G t h e  et a1 and explained in terms of a broadening 
of the potential curve due to a strongly avoided curve crossing, which agrees with the 
theoretical results of the present study and those of Honjou and Yarkony, Unfortun- 
ately, the end of the progression is not observed clearly in the He II excited spectrum 
due to the presence of the He Is line at 24.589 eV. However, expanding the SR spectrum 
in this region shows that the last well defined line is clearly the U =  12 component. At 
higher energies an enhancement of the 'background' level can be seen, particularly in 
the He II excited spectrum, which suggests that in this range the transitions involve the 
repulsive part of the 32C+ state potential curve. It may be noted that the very weak line 
at 24.520 eV is not associated with the 32Zt state but is a satellite due to the He ny 
radiation. 

The lines belonging to the 3%' state are asymmetric with a tail on the low binding 
energy side that is very pronounced for the higher vibrational components (cf figure 
4). This is due to the inherent rotational fine structure and shows that the average 
internuclear distance is larger in the 3%' state than in the neutral ground state, and 
increases considerably with the vibrational quantum number. 

From the spectra taken with synchrotron radiation the asymmetry parameter p has 
been determined for the individual vibrational lines. The data are summarized in table 
3 dong with the relative intensities obtained in the spectra recorded at O", i.e. in the 
same direction as the major polarization component of the incident radiation. Two 
qualitative observations can be made: First, the relative intensity tends to decrease with 
increasing photon energy, which follows the behaviour generally observed in this energy 
region. Second, the p-values differ markedly between the two progressions which con- 
firms the interpretation in terms of two separate electronic states. 
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Figure 4. Detail of the He II  excited photoelectron spectrum of CO in the 23.85-24.55 eV 
range showing the uppermost part of the 3%' vibrational progression. 

Table 3. Summary of relative intensities and p values obtained from synchrotron radiation 
photoelectron spectra at 36 eV, 40 eV and 44 eV photon energies for the bands associated 
with the D 'll state and 3%' state of CO'. Errors shown represent one standard deviation 
from the mean value. 

State and Binding Intensity B 
nbr. energy 36eV 40eV MeV 36eV 4OeV 44eV 
aunt .  no (eV) (*0.1) ( i O . 1 )  ff0.1) 

D %(O) 
D 'n(l) 
D 'n(2) 
D %(3) 
D 'n(4) 

3%+(0) 
3%'(1) 
3%'(2) 
3%+(3) 
3%+(4) 
3ZZ+(5) 

3%+(7) 
3%'(6) 

22.378 
22.557 
22.729 
22.897 
23.069 

22.993 
23.196 
23.388 
23.570 
23.737 
23.882 
23.998 
24.089 

0.20 0.14 
0.51 0.34 
0.68 0.49 
0.75 0.52 
0.59 0.47 

0.23 0.24 
0.80 0.62 
0.79 0.72 
0.64 0.63 
0.55 0.47 
0.40 0.38 
0.28 0.32 
0.21 0.23 

0.15 
0.34 
0.42 
0.49 
0.39 

0.20 
0.53 
0.65 
0.47 
0.37 
0.38 
0.25 
0.18 

0.3 0.4 0.0 
0.4 0.3 0.2 
0.3 0.2 0.3 
0.1 0.4 0.0 
0.4 0.3 0.1 

1.0 1.3 1.0 
0.6 0.8 0.8 
0.7 0.9 0.8 
0.7 1.3 1.5 
1.1 1.5 1.7 
1.3 1.4 1.4 
1.1 1.4 1.5 
1.3 1.4 1.6 

4.3. The 25-27eV range 

Weak vibrational structure is seen in the 25-26 eV range (cf figure 1). A corresponding 
structure was observed earlier in the monochromatized He II excited spectrum taken 
by Carlsson Gothe (1990) and also by Asbrink el a1 where it was referred to as the 
sixth progression. The present calculations give no support for an assignment in terms 
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Figure 5. H e n  excited inner valence photoelectron spectra of CO between 24.1 CV and 
29 eV recorded at two diaereot pressures, 8 and 80 Pa, to show the pressure dependence of 
many lines in this energy region. The pressures are measured in the inlet line to the gas 
cell, and the actual sample pressure is about ten limes lower. 

of a many-electron state of *Zt or *II symmetry, which are the only symmetries that 
would acquire a considerable photoelectron intensity. Furthermore, the intensity of 
these lines is pressure dependent. In figure 5 we show two spectra recorded at very 
different pressures, and in the low pressure spectrum, most of the lines have disappeared 
almost completely. This gives very clear evidence that the lines are due to inelastic 
scattering of photoelectrons. Energetically, the lines fit exactly with excitations to the 
a'n and A %  states of neutral CO caused by photoelectrons ionized from the I n  
orbital by the He II line. Both these states are strongly excited as shown by the electron 
impact spectrum of figure 6. Moreover, pressure-dependent lines are observed in the 
224 el' and 27.5 eV regions, which would be expected for scattering of photoelectrons 
from the 5a and 4 0  orbitals. However, several lines remain even at very low pressures. 
They can be associated with ionization by the He up component and thus correspond 
to states at energies 7.558 eV higher than their apparent position, as will be discussed 
below. To the extent that they can be unambiguously identified with features in the 
synchrotron radiation photoelectron spectrum, they provide an excellent calibration for 
these. 
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Figure 6. An electron impact spectrum of the CO molecule showing the line structure 
of interest for the interpretation of electron scattering contributions in the photceledron 
spectrum. 

As a consequence of this result, the interpretation of certain lmes in the absorption 
ectrum in terms of Rydberg series leading to the sixth PES progression proposed by T '  sbnnk et a1 should be reconsidered. This also influences the poteutial energy diagram 

calculated by Locht (1977) and based on the earlier PES data. 

4.4. The 27-30 eV range 

This region is included in figures I ,  2 and 5. The first part contains a rounded struc- 
tureless band between about 27 and 27.7 eV with three superimposed narrow lines that 
are similar in both spectra of figure 5.  The narrow lines are absent in the spectra taken 
with synchrotron radiation (figure 2) and monochromatized He II radiation (Carlsson 
Gothe 1990). They therefore correspond to states excited by He I@ radiation, while 
the rounded hand can be associated with transitions to the 3% state, as shown by the 
calculations. This state, which has a leading 4cr-'.50-'2d configuration, is found to he 
repulsive (cf below). 

As can be seen from fignre 5 and by comparison with the spectrum taken with 
monochromatized He ria radiation, the main part of the complex line structure above 
27.7 eV does not reflect states in this region but is partly due to inelastic scattering of 
photoelectrons from the 40. orbital, and partly due to states of higher energy excited 
by the He IIP component. In this case, the scattering involves excitation to the A 'n 
state of CO. Although some intensity remains even in the low pressure spectrum, there 
is no clear indication of lines that can be associated with an electronic state in this 
region. This is in agreement with the present calculations which did not locate any 
bound state of the proper symmetry in this range. 
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4.5. The 30-46 e V range 

An inspection of figure 2 shows that photoelectron bands are present at about 32, 33, 
34, 35, 36.5, 38, 39 and 45 eV. This essentially agrees with the xps study by Svensson 
el af using A1 Ka radiation at 1487 eV, although the relative intensities are different. 
In  the highly resolved synchrotron radiation excited spectrum extensive fine structure 
is seen, probably associated with vibrational states. To show this more clearly, the 
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Figure 7. The synchrotron radiation excited photoelectron spectrum of CO between 22 eV 
and 37 eV obtained at a photon energy of 40 eV. 

spectrum excited with synchrotron radiation at 40 eV is shown in figure 7. Narrow lines 
are present at the same positions in both spectra as well as in spectra obtained at 36 eV 
and 44 eV. These lines are numbered from 1 to 17. The energies and values are 
collected in table 4. Most of these lines can be identified with lines reported by Liu et 
al, but the energies there are generally 30-70 meV higher than ours. 

Line 1 is strong in all spectra whereas line 2 has a high intensity only in the spectrum 
recorded at 36 eV photon energy. These two lines also have different p values (cf table 
4) which could suggest that they are associated with Merent electronic states. On the 
other hand, the spacing of 0.18 eV could correspond to a vibrational excitation. Since 
the lines are comparatively broad the state could be distorted by interaction with a 
repulsive state. 

Lines 3, 4 and 5 can be identified with structures observed using He rrp excitation 
(figure 5) .  The spacings and relative intensities suggest that they form a perturbed 
vibrational progression as indicated by a gradually increasing spacing and a loss of 
intensity after the third line. The lines are more or less double, with splittings that cannot 
be observed in the SR spectra. These splittings may be due to spin-orbit interaction. The 
lines have different p values and their intensities also depend on photon energy, possibly 
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Table 4. Binding energies and p values in the 30 to 45 eV energy range obtained from 
photoelectron spectra excited with synchrotron radiation. Enera separations are given 
between lines that may belong to vibrational progressions. Energies given with three decim- 
als are obtained from the He np spectra. Errors shown represent one standard deviation 
from the mean value. 

~ ~ ~ ~~ ~ ~ ~ 

p value Energy 
Bindingenergy separation 36eV MeV 44eV 46.4eV 

Lmeno feV) fmeV1 (10.21 fzt0.31 110.41 fi0.41 

1 31.9 
2 32.08 
3 32,826, 32.853 
4 32.988, 33.045 
5 33.176, 33.226 
6 34.722 
7 34.962 
8 35.254 
9 35.476 

10 35.79 
I 1  36.113, 36.159 
12 36.268, 36.321 
13 37.58 
14 37.98 
15 38.68 
I6 38.98 
17 M 6R 

0.68 2 1.77 
1.18 
0.90 I .04 1.64 

162 0.40 0.65 
I88 0.93 0.39 

1.12 0.89 
240 0.59 0.65 
292 1.42 
222 1.41 
314 
159 0.88 0.47 
I22 1.34 

0.78 

1.29 

0.93 
0.91 
0.11 
0.15 
2.0 
1.77 
0.26 
0.48 

0.38 

.. . .. ._  

due to state mixing. These three lines are followed by a band of lower intensity around 
34 eV. It may contain a weak fine structure with spacings of about 170 meV, but since 
we were unable to identify a corresponding progression in the spectrum due to He IQ 
radiation (cf above), this is uncertain. 

Lines 6-10 are very well resolved and seem to form a vibrational progression (cf 
figures 2 and 7). They also correspond to well defined structures in the He I I ~  excited 
spectrum in the 27-28 eV range (figure 5) .  The energies are therefore determined accu- 
rately (table 4). The spacings are somewhat irregular so if the lines reflect a vibrational 
progression the levels are strongly perturbed. Also the following photoelectron band 
beginning at about 36 eV appears to contain a short vibrational progression, lines 11 
and 12. It may have a counterpart in the He np excited spectrum, but these structures, 
like those corresponding to lines 3, 4 and 5, seem to be double. 

The next photoelectron band observed between 38 and 40 eV is commonly associated 
with electronic states of 'Ef symmetry that have a leading 30-I configuration (Agren 
and Arneberg 1983). The band is seen in figure 2 and displays superimposed fine 
structure. This can be interpreted in tenus of one short progression starting with line 
13 and another with line 15. 

Finally, close to threshold at about 46 eV another band is formed. It seems to have 
no counterpart in the x-ray photoelectron spectrum and is probably an artefact resulting 
from the procedure used to subtract the background in the SR spectrum. A similar 
structure is seen at 42.5 eV in the spectrum excited with 44 eV photons and, as can be 
seen from figure 2, there is no band at this energy. However, in figure 2 a narrow line 
can be observed which we tentatively associate with a state of COf and refer to as 
line 17. 
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5. Discussion 

Potential curves have been calculated for states of %' and of 'II symmetry, which 
are important for interpretation of the photoelectron spectrum. From these curves, 
vibrational energies and Franck-Condon factors were calculated for the D 211 and 322,' 
states and the results are collected in tables 1 and 2. The theoretical vibrational energy 
levels and wavefunctions were obtained by solving the Schrodinger equation numerically 
(Le Roy 1984). 

A minimum in the potential curve was obtained for the four lowest states of 5' 
symmetry. These curves are shown in figure 8. At still higher energies it was not possible 
to obtain bound states, but all curves were found to be repulsive including the states 
with a dominating 3a-' configuration. The energies are in good agreement with the 
experimental results. As can be seen from table 2, the vibrational energies for the 32Z' 
state differ by at most 25 meV from the experimental data. The highest observed level 
is U = 12 at 24.489 eV, which is 0.162 eV above the dissociation limit at 24.327 eV calcula- 
ted by Huber and Herzberg (1979) from the CO dissociation energy and atomic data 
from Moore (1949). Thus, the experimental data support the earlier conclusion by 
Carlsson Gothe et al that there is a small barrier in the potential curve at a large 
internuclear distance. This is also supported by our calculations, which show a maxi- 
mum in the potential curve at 2.0 A. 

For the 4%' state a shallow minimum is predicted in the potential curve at a very 
large internuclear distance, where the Franck-Condon region crosses the potential curve 
in a repulsive part. Transitions to this state are thus expected to give rise to a struc- 
tureless photoelectron band centred at 30 eV. This most likely corresponds to a large 
part of the very broad band centred at 32 eV. In the high energy part of this band there 
may be contributions also from the 5%' state predicted in this energy range by &ren 
and Arneberg (1983). The sharp peak containing the lines 1 and 2 most probably has 
a different origin. 

Only two states of 211 symmetry were found to be stable, the outer valence A 'II 
state and the inner valence D 'II state. The next stage, 3'II, is repulsive everywhere as 
can be seen from figure 9 which displays the potential curves. From these curves, the 

1 2 3 4 5 

INTERNUCLEAR DISTANCE (a,) 
Figure 8. Calculated potential c u m  for %+ states. The eucrgy d e  is rcferrcd to &e zero 
INCI of the neutral ground state. 
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INTERNUCLEAR DISTANCE (a,,) 

Figwe 9. Calculated potential curves for 'n states. The energy scale is referred to 
level of the neutral ground state. 

the zero 

vibrational energies and relative intensities, obtained using a constant electronic transi- 
tion moment equal to unity, were calculated (Le Roy 1984). The data for the D '17 
state are presented in table 1. The vibrational structures of both the A 'lT state seen by 
Edvardsson et af(1994) and the D *IT state are very well predicted which gives another 
strong indication that the line at 22.376 eV, rather than the other alternatives at lower 
energy in the experimental spectrum, corresponds to the 0-0 transition of the D '17 
state (cf table 1). 

The centre of the Franck-Condon region crosses the 3'17 state at about 27.4 eV, 
i.e. close to the centre of the rounded photoelectron band observed at this energy. 
Furthermore, a calculation of the Franck-Condon density using a program from Le 
Roy (1989) at some different energies is in qualitative agreement with the experimental 
spectrum. These results are summarized in table 5. 

At 22.9 eV a curve crossing is predicted between the D '17 and 3*U states (figure 
9). In this energy range an interaction between the states takes place which influences 
the vibrational structure. If the non-crossing rule is adopted, the vibrational structure 
would be expected to disappear above the crossing point. This is obviously not true, 
but the vibrational structure calcnlated for the D 'll state without consideration of 
interaction with the 3'17 state reproduces essentially the experimental result (cf table 
1). As was mentioned above, close to the predicted position of the cuve crossing, the 

Table 5. Franck-Condon densities for ionization from CO 'E' to the repulsive 3% state. 

Electron binding Franck-Condon 
en" (eV) density 

24.921 0.43 
25.547 3.35 
26.167 13.4 
m a l  40.6 
27.407 100 
28.026 37.8 
28.214 7.0 
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vibrational lines are broadened and the spacings are somewhat irregular, which may 
suggest that a strong local interaction limits the lifetime of the states. Assuming that 
the lifetime broadenings add quadratically to the other contributions to the linewidth 
and that these correspond to the width of the narrowest lines, i.e. 25.9 meV (cf table 
1) a lifetime broadening of 26.0 meV is obtained for the v=4 level. This corresponds 
to a lifetime of about 2.5 x s. For lower and higher levels no broadening can be 
observed that appears to be related to the presence of the curve crossing (the larger 
width obtained for v=7 and 9 is probably caused by the overlapping lines). This 
parallels the behaviour observed by Baltzer et a1 (1992b) for the 3211, state of O:, 
where a curve crossing occurs leading to a local interaction rather than a strongly 
avoided crossing. 

The interaction between the D 211 and 3% states is expected to lead to dissociation 
of the ion. A steep onset in the production of C' ions has been observed at 555 A 
(22.34 eV) and it was found by Erman et a/ (1994) that the intensity persists over the 
entire range of the D 'n state. It was concluded that the predissociation was caused by 
a repulsive CO' state dissociating into Ct (*P")+ O('P). Although the present results 
indicate that the strongest interaction should occur at v=4, the interaction with the 
3'II state may well lead to predissociation even below the crossing point, and this can 
be observed on the time scale of the mass spectroscopic experiment. 

Since the potential curves associated with valence states are repulsive above the 42Z' 
state, the extensive vibrational structure observed above 30 eV must be of a different 
origin. Most likely, it is due to Rydberg states formed in the cation. These states are 
expected to resemble the doubly ionized states observed in the Auger electron spectrum 
and could exhibit somewhat similar vibrational excitations. However, the bond distance 
is very sensitive to the electron configuration, so the relative intensities may differ 
considerably from those observed in the Auger spectrum by Correia et a1 (1985). The 
first part of the Auger spectrum shows rich vibrational structure with progressions 
where the spacings are around 180-200 meV. A likely interpretation of the photoelec- 
tron spectrum is that Rydberg series containing similar progressions are superimposed 
upon the broad structureless features representing transitions to valence states. 

The vibrational structure in the Auger electron spectrum is resolved in the three 
outermost bands appearing at 41.70 eV, ~ 4 2 . 5  eV and 45.40 eV. They correspond to 
the X ICc, A 'Il and B 'E' states of the CO2+ dication. Assuming that the photoelectron 
spectrum contains Rydberg series converging to these energies, most of the structure 
can be readily explained by ionization from the 50, llr and 40  orbitals accompanied 
by a 5u+nl excitation, where n> 3. Using a quantum defect of about 0.65, which seems 
reasonable, one finds that the first vibrational component corresponds well with lines 
1, 11 and 15 for the first series with n=3,4 and 5 ,  respectively. Lines 3 and 13 represent 
the second series with n = 3  and 4 and lines 6 and 15 fit with the third series with n= 
3 and 4. Lines 3 and 11 have clear counterparts in the He IIP excited spectrum where 
they appear to be split by about 50 meV. This could be due to spin-orbit interaction 
which would suggest that these states have n symmetry. This interpretation, although 
it gives reasonable agreement with the observed lines, is not unique and in order to 
obtain a safe assignment additional theoretical studies are needed, with methods particu- 
larly suited for calculations of Rydberg states and transitions. 

6. Conclusions 

The study shows that the inner valence photoelectron spectrum of the CO molecule is 
best analysed in terms of two parts with rather different character; one with a few well 
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defined photoelectron bands between 20 and 30eV and another above 30eV with 
numerous narrow lines superimposed on heavily overlapping broad bands. 

In the region between 20 and 30 eV three photoelectron hands have been identified 
corresponding to transitions to the D 'n, 32Z+ and 3% states with intensity maxima 
at about 22.9 eV, 23.5 eV and 27.4 eV, respectively. The progressions observed in the 
24.6-27 eV and 27.6-29 eV ranges in previous studies have been shown to be caused 
by inelastic scattering processes and excitations with He up radiation. New potential 
curves covering the 20-30 eV region have been calculated. A remarkable broadening is 
observed of the U =  3 and 4 vibrational lines of the D 'n state. It is associated with a 
strong interaction with the repulsive 32n state in this region leading to predissociation 
via a curve crossing. 

In the innermost region above 30 eV the broad bands are explained in terms of CI 
satellites related to both the inner valence 3u-' single hole state and to outer valence 
two-hole-one-particle configurations. The superimposed narrow lines, which corre- 
spond to a very low total photoelectron intensity, are associated with vibrational states 
of Rydberg series converging towards the three outermost states of the dication, which 
contain extensive vibrational structure. 
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